Mutations in BRAF are common to many cancers, including CRC. The MEK inhibitors are being investigated in BRAFmutant CRC. In this study, we aimed to investigate how MEK inhibitor suppresses growth of BRAF-mutated CRC cells as well as its potential mechanisms. Our findings indicated that MEK inhibitor promote PUMA expression via ERK/FoxO3a signaling pathway. In addition, PUMA induction is essential for MEK inhibitor-induced apoptosis. Moreover, PUMA induction is required for MEK inhibitors to induced apoptosis in combination with cisplatin, dabrafenib, or Gefitinib. Knockdown of PUMA suppressed the anticancer effect of the MEK inhibitor in vivo. Our findings indicate a novel role for PUMA as a regulator of the antitumor effects of MEK inhibitor, suggesting that PUMA induction may modulate MEK inhibitor sensitivity.
Introduction
MEK1/2 are kinases that are linked with cell survival and regulation of proliferation [1] [2] [3] . Currently, MEK inhibitors are in clinical trials for several cancers, including colorectal cancer (CRC), specifically those with mutations in RAS or its downstream signaling component BRAF, which occur in several types of cancers 4, 5 . The RAS/RAF/ MEK/ERK signaling pathway is always activated in many types of cancers, with its activation often occurring through gain-of-function RAS and RAF mutations 2 . Previous studies have indicated that tumor cell lines with KRAS or BRAF mutations are more sensitive to MEK inhibitors in vitro 3 . Recently, trametinib, a MEK inhibitor, was approved for treatment of melanomas in which BRAF was mutated 6, 7 . Selumetinib (AZD6244; ARRY-142886) is a MEK inhibitor for oral use, which is being investigated for the treatment of several cancer types 8, 9 . According to preclinical evidence, we examined the effects of the MEK inhibitors in CRC.
p53 up-regulated modulator of apoptosis (PUMA; also known as BBC3) is a BH3-only pro-apoptotic protein that belongs to the Bcl-2 family 10, 11 . PUMA is both a direct p53 target, and can be induced via apoptosis that is independent of p53 in response to a variety of stimulations 12, 13 . Normally, the localization of PUMA is mainly in the mitochondria in cells 14 . In the apoptotic process, PUMA-mediated mitochondrial dysfunction leads to apoptosis 15 . PUMA antagonizes the functions of Bcl-2/ Mcl-1 via Bax/Bak 15 . In previous studies, PUMA has been demonstrated to be a potential target of CRC cells 16, 17 . In this study, we found that MEK inhibitors induce PUMA induction via the ERK/FoxO3a signaling pathway, and we further determined that PUMA may modulate responses to MEK inhibitors in CRC cells. These results ultimately suggest that the induction of PUMA may be a key indicator of the therapeutic efficacy of the MEK inhibitors.
were treated with trametinib or selumtinib for 72 h, and then the MTS assay was used to analyze cell growth. As shown in Fig. 1a , treatment of CRC cells with trametinib or selumetinib led to a reduction in cell growth. Next, apoptosis was detected by flow cytometry in trametinibtreated RKO, HT29, and SW1417 cells. MEK inhibitors enhanced the Annexin V-positive cell rate in these cells (Fig. 1b and S1A ). MEK inhibitors also induced the activation of caspases 3/7 ( Fig. 1c and S1B ). In RKO and HT29 cells treated with the MEK inhibitors, Western blotting was used to assess caspase 3, 8 and 9 activation and both trametinib and selumetinib enhanced the activation of these caspases in these cells ( Fig. 1d and S1C ). These results suggest that MEK inhibitor inhibit cell growth and promote caspase-dependent apoptosis in CRC cells with BRAF mutations.
MEK inhibitors promote p53-independent PUMA induction
We then analyzed how the MEK inhibitors induce apoptosis in CRC cells. We treated RKO cells with trametinib or selumetinib, and the PUMA mRNA and protein levels were increased significantly (Fig. 2b, c and S2A-S2D). In addition, the same effects of MEK inhibitors were observed in HT29 cells ( Figure S2E-S2G) . Moreover, following trametinib treatment, PUMA protein and mRNA levels were increased in RKO cell with stable p53-knockdown (p53-KD) ( Fig. 2a-d) . Therefore, expression of PUMA was selectively induced in response to MEK inhibition without regard for p53 activity and may drive apoptosis in these cells.
PUMA mediates MEK inhibitor-induced apoptosis
To investigate the role of PUMA induction in MEK inhibitor response, we examined the role of PUMA in the context of MEK inhibitor-induced apoptosis through the use of PUMA cells bearing a stable knockdown of PUMA (PUMA-KD). Compared with parental cells, PUMA-KD RKO cells had significantly lower rates of apoptosis, which was induced by the MEK inhibitors ( Fig. 3a and S3A) . Deficiency of p53 could not abolish MEK inhibitorinduced apoptosis ( Fig. 3a and S3A ). Annexin V/PI staining was used to confirm this apoptotic reduction in MEK inhibitors-treated PUMA-KD RKO cells ( Fig. 3b and  S3B ). Consistently, activation of caspases 3 and 7 was reduced in response to MEK inhibitors in PUMA-KD RKO cells (Fig. 3c and S3C ). PUMA deficiency abrogated trametinib-induced intrinsic apoptotic events, including activation of caspases 3 and 9 ( Fig. 3d and S3D ) and the cytochrome c release (Fig. 3e and S3E ). We also found PUMA-KD HT29 cells blocked MEK inhibitors induced apoptosis in comparison with parental cells ( Figure S3F and S3G). It is noteworthy that in long-term colony formation assays, survival was enhanced in PUMA-KD cells after trametinib treatment compared to parental cells (Fig.  3f) . Together, these results show that apoptosis in CRC cells treated with trametinib is dependent on PUMA.
MEK inhibitors induced FoxO3a-dependent PUMA induction
We then investigated the transcription factor involved in MEK inhibitor-induced PUMA upregulation in CRC cells. E2F1 and p73 were excluded due to the lack of total and phosphorylation changes following trametinib treatment ( Fig. 4a and S4A) . Moreover, as shown in Fig. 4a , b, S4A and S4B, trametinib was found to decrease ERK phosphorylation as well as dephosphorylate FoxO3a, promoting FoxO3a nuclear translocation. Moreover, treatment of cells with selumetinib was sufficient to induce up-regulation of PUMA following ERK and FoxO3a dephosphorylation in RKO and HT29 cells (Fig.  4b , S4B and S4C). Exogenous expression of ERK1 inhibited trametinib-mediated PUMA induction (Fig. 4c ). In addition, as shown in Fig. 4d , knockdown of FoxO3a eliminated trametinib-induced PUMA upregulation in (Fig. 4e) . The above data show that FoxO3a binds directly to the PUMA promoter driving its transcription upon MEK inhibitors treatment.
PUMA mediates chemosensitization in response to MEK inhibitors
The combination of a MEK inhibitors and chemotherapy drugs has been described previously 18, 19 . However, the mechanism behind the influence of chemosensitization of MEK inhibitors is unclear. We hypothesized that induction of PUMA could facilitate such chemosensitization. PUMA induction occurs simultaneously with MEK inhibitors and other drug treatment by different routes. As shown in Fig. 5a , our results suggested, in comparison to single drug treatment, that the combination of trametinib and cisplatin induced much higher levels of PUMA. Our results are in agreement with concurrent PUMA upregulation by MEK inhibitors and DNA damage agents via p53-independent and p53-dependent mechanisms, respectively 17, 20 . Apoptosis and cleavedcaspase 3 and 9 were also significantly improved in RKO and HT29 cells after combination treatment; however, knockdown of PUMA blocked these effects (Fig. 5a,  b and S5A) . Furthermore, RKO cells were stimulated by trametinib and dabrafenib, and the effect of PUMA was analyzed. The level of apoptosis and caspase 3 and 9 activity were significantly enhanced in parental, but not PUMA-KD, RKO and HT29 cells following the combination treatment (Fig. 5c, d and S5B ). We also found trametinib induced EGFR phosphorylation in both parental and PUMA-KD RKO and HT29 cells ( Figure S5C and S5D). Trametinib and Gefitinib synergistically induced PUMA upregulation and apoptosis in these cells (Fig. 5e, f, S5E and S5F ). PUMA knockdown attenuated apoptosis and activation of caspase 3 in response to combination treatment (Fig. 5e, f, S5E and S5F) . The above findings demonstrate that the anticancer effects of trametinib can be promoted by PUMA-dependent chemosensitization.
PUMA mediates the anticancer activity of MEK inhibitors in vivo
To assess how PUMA affects the anticancer efficacy of MEK inhibitors in vivo, nude mice were injected with parental or PUMA-KD RKO. After 7 days, mice were treated daily for 10 days with vehicle control or 1 mg/kg trametinib by oral gavage. There was no significant difference in tumor growth characteristics between parental and PUMA-KD tumors after control treatment (Fig. 6a) . Trametinib treatment inhibited tumors driven by parental RKO cells by more than 70% (Fig. 6a) . Tumors from PUMA-KD cells were significantly resistant to trametinib treatment (Fig. 6a) . The above data indicate that PUMA expression is required for the anticancer functions of trametinib in vivo. The Western blotting results demonstrated that FoxO3a phosphorylation was suppressed and PUMA expression was increased in trametinib-treated parental tumors (Fig. 6b) . In trametinib-treated mice, but not in control mice, apoptosis was significantly induced. In PUMA-KD tumors, trametinib-induced TUNEL-positive cells were abolished (Fig. 6c) . Furthermore, the active caspase 3 staining results demonstrated a similar trend (Fig. 6d) . The above data indicate that PUMA is a key mediator of the anticancer efficacy of MEK inhibitors in mice. and f are expressed as the means ± SD of three independent experiments. ***P < 0.001, **P < 0.01, *P < 0.05
Discussion
As RAS/MEK/ERK signaling is activated in several cancer types, many MEK inhibitors that target this signaling pathway are being developed 21, 22 . The V600E or V600E/K mutation of BRAF causes its constitutive kinase activity, activating MEK1/2 as downstream effectors, which in turn mediates ERK1/2 activation 22, 23 . In non-cellular systems, the BRAF V600 mutation has been shown to activate MEK1/2 kinase activity 23 . Previous studies demonstrated that trametinib is involved in antiproliferative, proapoptotic, and anticancer effects through inhibition of aberrant ERK pathway activation in cell lines and animal models 24, 25 . In this study, we assessed how trametinib affects CRC cells. The findings indicate that trametinib's suppression of tumor growth is modulated by apoptosis and FoxO3a activation, which drives the induction of PUMA and subsequent apoptosis that is dependent on mitochondrial signaling pathways.
PUMA is an important mediator of apoptosis in response to a range of chemotherapeutic compounds, and it may therefore be a good predictor of chemosensitivity 26, 27 . PUMA, a Bcl-2 family protein, can be induced in p53-dependent or -independent manners; once induced it interacts with the mitochondria to induce apoptosis 26, 28, 29 . PUMA involves the important process of tumorigenesis 30 . In cancer cells, PUMA could be a potential target of chemotherapy because activating PUMA expression suppresses cancer growth by restoring apoptosis 31 . Non-genetically stimulatory conditions include the deprivation of growth factors, inflammatory cytokines, and kinase inhibitors. PUMA upregulation can also be p53-independent, mediated by factors such as FoxO3a, E2F1, NF-κB, and p73 16, [32] [33] [34] . PUMA induction promotes apoptosis induction through activation of Bax and other BH3-only proteins, leading to active caspase cascades in cancer cells 35 . A recent study has further shown that the response of isolated tumor cell 6 parental and PUMA-KD RKO cells. After 1 week, mice were treated with 1 mg/kg trametinib or buffer for ten consecutive days. The tumor volume at the indicated time points after treatment was calculated and plotted (n = 6 in each group). Arrows indicate trametinib injection. The results are expressed as the means ± SD of three independent experiments. **P < 0.01; *P < 0.05. b Parental RKO xenograft tumors were treated with 1 mg/kg trametinib or the control buffer as in a for four consecutive days. The indicated protein in representative tumors was analyzed by Western blotting. c Paraffinembedded sections of tumor tissues from mice treated as in b were analyzed by TUNEL staining. d Tissue sections from c were analyzed by active caspase 3 staining. Scale bars 25 μm mitochondria to the Bcl-2 homology 3 (BH3) peptide of PUMA was predictive of patients' therapeutic responses to chemotherapy 36 . In the current research, our findings demonstrated trametinib-mediated PUMA induction in parental as well as p53-KD RKO cells. This suggests that trametinib may mediate cytotoxicity via induction of PUMA through a p53-independent mechanism.
Our findings indicate that PUMA is induced following ERK inhibition after MEK inhibitors treatment and initiates apoptosis in CRC cells via the intrinsic apoptosis pathway. Previous studies have also shown that PUMA induction is vital for induction of apoptosis in response to many chemotherapeutic agents, making it a key marker of chemosensitivity. Our results confirm that in CRC cells treated with MEK inhibitors, PUMA upregulation is a good predictor of responses to treatment. Approaches that allow for assessment of PUMA induction via noninvasive techniques may be possible, and would be powerful predictive tools.
In conclusion, our findings revealed a new anticancer mechanism by PUMA-mediated apoptosis after MEK inhibitors treatment. The ERK/FoxO3a signaling pathway participates in MEK inhibitor-mediated PUMA overexpression. The results of our research suggest that PUMA expression could be applied as a modulator in clinical trials of MEK inhibitors, potentially having significant relevance for future drug development efforts.
Materials and methods

Cell culture
The RKO, HT29, SW1417, and COLO205 CRC cell lines were bought from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were grown in DMEM supplemented with 10% newborn calf serum, 100 µg/mL streptomycin, and 100 units/mL penicillin (Invitrogen, Carlsbad, CA, USA). Trametinib, selumetinib, dabrafenib, Gefitinib (Selleckchem, Houston, TX, USA), and cisplatin (Sigma, St Louis, MO, USA) were resuspended in DMSO. The construct of ERK1 was obtained from Addgene.
MTS
The MTS assay was conducted with the use of a CellTiter 96
® Aqueous No-Radioactive Cell Proliferation Assay Kit (Promega, Fitchburgh, WI, USA). Briefly, cells were added to 96-well plates and grown overnight prior to treatment. After 72 h, viability was determined. Each experiment was repeated three times.
Western blotting
Western blotting was conducted as described previously 37 using antibodies against PUMA (Abcam, Cambridge, MA, USA), ERK, phospho-ERK, cleaved-caspase 8, cleaved-caspase 9, cytochrome oxidase subunit IV (Cox IV), phospho-FoxO3a, EGFR, p-EGFR, cleaved-caspase 3, E2F1, p73, p-p73, FoxO3a, p-FoxO3a (Cell Signaling Technology, Danvers, MA, USA), cytochrome c, and β-actin (Santa Cruz Biotechnology, Dallas, TX, USA).
qRT-PCR
TRIzol was used for DNA extraction (Invitrogen, Carlsbad, CA, USA) as manufacturer's instructions. One μg of RNA was used for reverse transcription with the Quantscript reverse transcription Kit (Applied Biosystems, Foster City, CA, USA). Bestar®SybrGreen qPCR mastermix (Invitrogen, Carlsbad, CA, USA) and a LightCycler 480
® II Real-Time PCR System (Roche, Branchburg, NJ, USA) were used for the qPCR reaction. Primers are as list: PUMA, Forward: 5′-TGGGGTCTGCCCAG GCAT-3′, Reverse: 5′-GAGCTGCCCTCCTGGCGTG-3′; β-actin, Forward: 5′-GAGACAACCTACAACAGCATC AT-3′, Reverse: 5′-GAAGCCAAAATGGGACCACCG-3′.
Apoptosis
Nuclear staining was used to analyze apoptosis with Hoechst 33258 (Invitrogen, Carlsbad, CA, USA). A FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen TM , Franklin Lakes, NJ, USA) was used for further detection of apoptosis. A Cell Death Detection ELISA Plus Kit (Roche Molecular Biochemicals, Branchburg, NJ, USA) was applied to detect caspase 3/7 activity. For the colony formation assay, cells treated with trametinib for 24 h were plated in 6-well plates. After allowing cell growth for 10 days, cell colonies were stained by crystal violet 38 . Cytochrome c in cytosolic fractions was analyzed by Western blotting to detect cytochrome c release.
Transfection
Knockdown was performed using 200 pmol of siRNA with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). After 24 h, cells were treated with MEK inhibitors. FoxO3a siRNA and scrambled siRNA were obtained (Santa Cruz Biotechnology, Dallas, TX, USA). For stable transfection, plasmids containing a p53-targeting (CACC ATCCACTACAACTACAT) or PUMA-targeting shRNA (CCTGGAGGGTCATGTACAATCTCTT) were transfected into RKO and HT29 cells. After transfection the cells were added into 96-well plates with 5 µg/mL puromycin. Western blot was used to confirm PUMA expression.
Chromatin immunoprecipitation (ChIP)
A Chromatin Immunoprecipitation Assay Kit (Millipore, Burlington, MA, USA) with a FoxO3a antibody (Cell Signaling Technology, Danvers, MA, USA) was used for all ChIP protocols. Primers used were: forward: 5′-GCG CACAGGTGCCTCGGC-3′ and reverse: 5′-TGGGTGTG GCCGCCCT-3′.
Xenografts
All animal experimental were performed in accordance with the guidelines of the First Affiliate Hospital of Dalian Medical University and in compliance with the institutional ethical guidelines. Mice were injected into either flank with both 4 × 10 6 parental and PUMA-KD RKO cells in 200 μl PBS (n = 6). After a week, mice with tumors were treated for ten consecutive days with 1 mg/kg trametinib by oral gavage. The formula for tumor volume calculation was: 1/2 × length × width 2 . When tumors werẽ 1.0 cm 3 in size, mice were sacrificed. Tumors were collected from euthanized mice and were formalin fixed and paraffin embedded. Active caspase 3 and TUNEL staining were conducted on these embedded tumor sections with an Alexa Fluor 488-conjugated secondary antibody (Invitrogen, Carlsbad, CA, USA).
Statistical analysis
All data are means ± standard deviation (SD). One-way ANOVA or Student's t test were conducted as appropriate with the GraphPad Prism V software. P < 0.05 was the threshold for statistical significance.
